Abstract. We preset the results of Fourier-transform infrared (FTIR) reflection spectroscopy of the lowtemperature insulating phase of Ti4O7 single crystals under the 532-nm CW-laser excitation. We found that CW-laser excitation with the intensity (P ) of 7.6 Wcm −2 induced dramatic change of the FTIR reflection spectrum at 112 K. However, the excitation with P < 7.6 Wcm −2 gave no change in the spectrum. The spectrum measured under the excitation was almost identical with that of the high-temperature metallic phase. The result demonstrates that the laser excitation leads to a phase transition from the low-temperature insulating phase into the high-temperature metallic phase.
Introduction
A series of oxygen-deficient titanium oxides with the formula Ti n O 2n−1 is classified into a member of Magnéli phase, like V n O 2n−1 . In contrast to the vanadium Magnéli phase, which is a system of electron correlation driven metal-to-magnetic insulator transition [1] , titanium Magnéli phase has intriguing interplay between electron-lattice interaction and electron correlations. Ti 4 O 7 is the most simple titanium Magnéli phase, and shows two step phase transition. [2] It undergoes phase transition from high-temperature metallic (HM) phase into intermediate (IT) phase at the higher transition temperature T C2 ∼150 K. Below the lower transition temperature T C1 ∼130 K, IT phase transforms into the low-temperature insulating (LI) phase. While HM phase consists of Ti cations having an average configuration of Ti +3.5 , IT and LI phases are mixed-valence state composed from equally populated Ti 4+ s and Ti 3+ s. Ti 3+ s in IT and LI phases form Ti 3+ -Ti 3+ dimers, and thus these phases are suggested to be biporalon insulators. [3, 4] In LI phase, Ti 3+ -Ti 3+ dimers order on alternate chains along the pseudo-rutile c-axis. However the ordered lattice of Ti 3+ -Ti 3+ dimers is lost in IT phase. The formation of bipolarons is a manifestation of a strong electron-lattice interaction, and the bipolaron ordering is ascribed to an inter-site Coulomb interaction.
In the present paper, we show the results of Fourier-transform infrared (FTIR) reflection spectroscopy of Ti 4 O 7 single crystal during the excitation by 532-nm CW-laser beam. We found that the laser excitation of LI phase resulted in a phase transition into HM phase at 112 K. Both of LI-to-IT and LI-to-HM phase transitions was induced by the excitation at 115 K. The possible mechanisms of the laser-induced phase transition have been discussed.
Experimental methods
Single crystals of Ti 4 O 7 used in the present study were grown by chemical transport method. Typical dimension of the sample was 0.7×0.5×0.3 mm 3 . The sample was attached on a copper block connected to a conventional cryocooler and placed in an optical path of FTIR spectroscopy. The sample temperature was controlled by using a heater attached to the cold finger during the operation of cryocooler. The FTIR reflection spectra of the samples were measured by a Fourier-transform infrared spectrometer (FT/IR-610V JASCO) with a conventional IR microscope (IRT-30 JASCO). The sample was excited by 532-nm laser beam generated from a conventional CW-YVO 4 laser with the power less than 11.4 mW. Excitation intensity was adjusted by using neutral density filters. Figure 1 shows the reflection spectra of Ti 4 O 7 crystal measured at three characteristic temperatures. The spectra measured at 100 K, 140 K and 160 K characterize LI, IT and HM phases, respectively. HM phase exhibits the spectrum increasing its intensity with decreasing the wave number. The characteristic can be ascribed to the Drude tail resulting from intraband transition of free carriers. The spectra of both IT and LI phases are characterized by a dip at around 800 cm −1 : the dip was located at 764 cm −1 in IT phase and 828 cm −1 in LI phase. The appearance of dips is a manifestation of the bandgap opening.
Experimental results and discussion
In the optical conductivity spectra obtained by Klamers-Kronig transformation of these spectra, the optical conductivity vanishes at around 1590 cm −1 , which is smaller than the bandgap energy reported previously [5] . Figure 2 shows the spectra measure during the 532-nm CW-laser excitation at 112 K and 115 K. At 112K, the laser excitation with the intensity, P , of 7.6 Wcm −2 transformed the spectrum into that almost identical with HM phase. The result demonstrates that the excitation with P = 7.6 Wcm −2 at 112 K leads to a phase transition from LI phase to HM phase. No change in the reflection spectrum was observed for the excitation with P < 7.6 Wcm −2 . At 115 K, changes of the reflection spectrum were observed for the excitation with P > 5.5 Wcm −2 . The spectrum measure during the excitation with P =6.0 Wcm −2 and 6.7 Wcm −2 are shown in figure 2(b) . The spectrum measured during the excitation with P =6.7 Wcm −2 was almost identical with that of HM phase. However, the excitation with P =6.0 Wcm −2 gave the spectrum very similar to that of IT phase. The results indicate that LI-to-IT and LI-to-HM phase transitions are induced depending on the excitation intensity. The laser excitation gives inevitable temperature rise, and thus a heating effect is a possible mechanism for inducing the phase transition. At 115 K, we found that the laser excitation induced phase transitions from LI phase into IT or HM phase depending on the excitation intensity. When this laser-induced phase transition is dominantly ascribed to the heating effect by the excitation, the sample temperature should exceed 150 K under the excitation with P =6.7 Wcm −2 . Since the temperature rise is in proportion to the excitation intensity, the excitation with P =5.8 Wcm −2 would heat the sample temperature to 130 K, where IT phase is the stable phase. The results obtained at 115 K are apparently explained by this consideration.
However, the results we found at 112 K were distinct from those at 115 K. At 112 K, we found the phase transition from LI phase to HM phase to be induced only by the excitation with P =7.6 Wcm −2 . No other change in the reflection spectrum was observed when the sample was excited at the lower intensity. Based on the result of the molar specific heat measurement [3, 4] , the difference of the molar specific heat of Ti 4 O 7 between 112 K and 115 K is only 3%. Therefore, the temperature rise given by the excitation at 112 K would be the same as that at 115 K. If the laser-induced phase transition is mainly resulting from the heating effect, the excitation at 112 K should give the same results as those at 115 K. However, this is not the case. Consequently, the abrupt change of the reflection spectrum by the excitation at 112 K is hardly explained by the heating effect. It implies that the laser-induced phase transition at 112 K can be ascribed to an electronic excitation effect, namely a photoinduced phase transition.
The 532-nm laser excitation of Ti 4 O 7 promotes the electrons localized at Ti 3+ -Ti 3+ dimers into free states. Thus the excitation induces instability of the dimers and also the increase of carrier density. When the carrier density increases, the inter-site Coulomb interaction is plausibly screened and weakened by the induced carriers. Since the inter-site Coulomb interaction is a driving force for the charge order in LI phase, the screening may perturb the charge order. The interplay of this screening effect and the instability of the Ti 3+ -Ti 3+ dimer could induce the photoinduced insulator-to-metal phase transition of Ti 4 O 7 . For elucidating the mechanism of the photo-induced phase transition, more sophisticated study should be required.
